A microwave-assisted extraction (MAE) procedure to isolate phenolic compounds from 27 almond skin by-products was optimized. A three-level, three-factor Box-Behnken 28 design was used to evaluate the effect of almond skin weight, microwave power and 29 irradiation time on total phenolic content (TPC) and antioxidant activity (DPPH). 30
INTRODUCTION 43
Almond (Prunus amygdalus) production has increased significantly in the last 44 years, with a worldwide production of about 1.9 million tonnes in 2012. 1 Food 45 applications of almonds such as confectionary items and bakery, snack formulations, 46 cereals and marzipan, require the almonds without the seed coats. 2 The external coating 47 of almonds is industrially removed from hot water blanching process, with the brown 48 skin contributing to around 6.0-8.4% of the seed weight. 3 Almond skin agricultural by-49 products are produced upon almonds processing in large amounts. Industries are forced 50 to consider ways of treating or using these residues, since most of them are just 51 incinerated or dumped without control causing several environmental problems or used 52 as animal feed. O-glucoside. [5] [6] Polyphenols have been found to decrease the risk of coronary heart 60 disease and function as anti-inflammatory agents due to their high antioxidant capacity. 6 
61
These compounds can function as natural preservatives for meat products, reducing 62 their lipid oxidation.
7-8 Therefore, almond skin by-products rich in antioxidant 63 compounds could be reused by food industries as natural additives to control the 64 oxidative process, adding value to this residue. It is of economical and ecological 65 significance to find and efficient method to isolate phenolic compounds from these by-66 products. However, cultivar differences may affect almond flavonoid concentration. system, where the solvent is heated and refluxed through the sample allowing a very 121 efficient heating. 22 Ethanol was selected as an effective extraction solvent for phenolic 122 compounds in food samples. 13, 23 Ethanol is also recommended by the US Food and 123
Drug Administration as an environmentally non-toxic food grade organic solvent. conditions. The range of studied variables was selected based on results obtained in 134 preliminary experiments. In this sense, at increased microwave power level of 300 W in 135 the screening experiment, rapid heating of the extraction medium and bubbling of the 136 substance occurred due to high cavitation; leading to the entry of the extraction medium 137 into the condenser. A Box-Behnken design (BBD), comprising 16 experimental runs, 138 was used and experiments were carried out in randomized order.
25
. The responses 139 obtained from the experimental design were evaluated in terms of TPC and antioxidant 140 activity (DPPH). 141 7 Regression analysis was used for the experimental data and fitted into the 142 following empirical second-order polynomial model: 143
where Y is the predicted response, X represents the variables of the system, i and j are 145 design variables, β 0 a constant, β i the linear coefficients, β ii the quadratic coefficients 146 and β ij the interaction coefficients of variables i and j. 147
HPLC analysis of flavonoid compounds. HPLC-DAD-ESI-MS/MS analysis 148
was performed, in triplicate, using a 1100 series HPLC system (Agilent Technologies, 149
Waldbronn, Germany) coupled to a photodiode array UV/Vis detector and an LC/MSD 150 Trap SL ion trap mass spectrometer (Agilent, Stuttgart, Germany) via an electrospray 151 ionization (ESI) source. Mass spectra were recorded in the negative ionization mode 152 (m/z 50-900). 26 The electrospray chamber was operated at 3.5 kV with a drying gas 153 temperature of 350 °C, N 2 pressure and flow-rate on the nebulizer at 50 psi and 10 154 L/min, respectively; and MS/MS collision energies set at 20 V. 155
The column used for flavonoids separation (10 µL) was a 4.6 mm x 150 mm i. , using a Biomate-3 UV/Vis spectrophotometer 170 (Thermospectronic, Mobile, AL). Deionised water (30 mL) and Folin-Ciocalteu reagent 171 (2.5 mL) were added to 500 µL of almond skin extract. The mixture was vortexed and 172 incubated for 5 min. Then, 7.5 mL of 20% aqueous Na 2 CO 3 and 10 mL of deionised 173 water were added and mixed. The absorbance was measured at 760 nm after 90 min of 174 incubation against deionised water as a blank. Quercetin was used as the reference 175 standard (25-1000 mg/kg) and TPC was expressed as mg quercetin equivalent (QE)/g 176 of dry almond skin. 177
Determination of Antioxidant Activity. The DPPH assay was used to determine 178 the free radical scavenging activity of almond skin extracts as described by 179 Assimopoulou et al. 29 100 µL of the almond skin ethanolic extract were mixed with 2.7 180 mL of DPPH solution (10 −4 M in ethanol). The percentage of free radicals scavenged by 181 DPPH radical was determined at steady state (60 min) at 517 nm. 182
The capacity of almond skin extracts to reduce ferric ions was assessed by the 183 FRAP method. 32 250 mL of acetic acid buffer (300 mM, pH 3.6), 10 mM TPTZ (2,4,6-184 tripyridyl-s-triazine) made up in 10 mL of 40 mM HCl and 10 mL of 20 mM ferric 185 chloride solution were mixed at 10:1:1 ratio, to make the FRAP reagent. 100 µL of the 186 almond skin ethanolic extract were added to 4.9 mL of FRAP reagent. Measurements 187 were performed at 593 nm after 30 min incubation at 37 ºC in darkness. the intrinsic solubility of each polyphenol in water being different depending on its 222 structure. In general, major phenolic compounds present in almond skin are sparingly 223 soluble in hot water. As a consequence, a highest yield extraction of these compounds 224 as the ethanol portion increases can be expected. However, the use of high ethanol 225 contents as solvent extraction could lead to polyphenols degradation and overpressure 226 inside the vessel due to overheating of the sample.
11 In this sense, dipolar rotation and 227 ionic conduction are simultaneously produced during MAE. 26 As ethanol concentration 228 increases, higher dielectric loss is obtained. 27 As a consequence, the higher capacity of 229 the solvent to absorb microwave energy can lead to a faster rate of solvent heating with 230 respect to the plant material.
231
Regarding solvent volume, it was found that 60 mL was the more effective 232 volume to be used with a maximum quantity of sample of 3.5 g without the formation of 233 almond skin aggregates in the quartz flask during extraction. In this sense, extraction 234 solvent efficiently absorbs microwave energy and leads to enhance swelling of food 235 material, which is favourable to increase the contact surface area between phases. 12 236 However, a high volume of solvent could decrease the microwave adsorption of 237 material, because more energy was absorbed by the solvent. In this case, the breaking of 238 cell wall material and mass transmission might negatively influence and decrease the 239 phenolics extraction and antioxidant capacity. There are different factors which can affect the extraction efficiency of MAE; 241 such as microwave power, type and composition of solvent, extraction time, particle 242 size of sample, solvent to solid ratio, soaking time, and extraction cycles. 35 The present 243 study evaluates some of these variables by using a Box-Behnken experimental design. 244
Butte almond skin was used for the experimental design and method optimization 245 assays. The experimental data obtained in terms of TPC and DPPH scavenging activity 246 are presented in Table 1 . A statistical analysis of results was performed to estimate the 247 statistical significance of the factors and interactions between them that had the greatest 248 effect on obtaining extracts with high yield of TPC and antioxidant capacity ( Figure 1) . 249
Among the studied factors, the almond skin weight had the greatest influence on the 250 studied responses, showing a positive effect. 251
The rest of investigated parameters had no significant impact on the studied 252 responses. Regarding magnetron power, the increasing microwave energy can favour 253 the penetration of solvent into the food matrix and offer a rapid transfer of energy to the 254 solvent and matrix, increasing temperature and allowing the dissolution of compounds 255 to be extracted with an increase in the phenolics extraction yield. 26 However, a negative 256 effect with increasing microwave irradiation energy could be observed by thermal 257 degradation of antioxidant compounds and overpressure inside the vessel due to an 258 increase in the extraction temperature. 12 Higher temperatures can also reduce extraction 259 selectivity as matrix materials and non-desired compounds can also be extracted. 260
Microwave power is strongly dependant on time and extraction temperature. In this 261 sense, the increase in microwave power and extraction temperature causes the rapid cell 262 rupture increasing the amount of impurities in extracts which can affect antioxidant 263 activity. Furthermore, longer exposure with low or moderate power is considered a 264 wiser choice since it results in better purity of the obtained extracts. 11 Regarding 265 12 irradiation time, this parameter generally has a positive influence on the TPC 266 response.
12 This behaviour can be explained by considering that the thermal 267 accumulation within extraction solution due to the absorption of microwave energy 268 promotes the dissolution process of phenolic compounds into the solution. 26 In the 269 present work, the extraction temperature rose to 47 ± 4 ºC by using the lower studied 270 power (100 W) and maximum time (60 s). Then, the combination of a low microwave 271 power and short extraction times could lead to moderate high temperatures which could 272 be considered able to extract almond skin antioxidant compounds with high antioxidant 273 activity. The computing program showed that the two fitted models were considered 284 satisfactory as the lack of fit was not significant (p > 0.05). R 2 is defined as the ratio of 285 the explained variation to the total variation and is a measurement of the degree of 286 fitness.
14 The model can fit well with the actual data when R 2 approaches unity. The R values; indicating that both models could be used to predict the studied responses. 290 TPC and DPPH values of 89.2 mg CE and 78.4%, respectively; were determined as 292 follows: Almond skin weight, 3.5 g; microwave power, 100 W; extraction time, 60 s. As 293 the AS weight clearly had a strong significant positive effect, this value was increased 294 until 4 g. The values obtained for TPC and DPPH scavenging after extraction of almond 295 skin under these optimal conditions, in triplicate, were 54 ± 2 mg QE/g almond skin and 296 90 ± 1%, respectively. As a result, for the extraction of phenolic compounds from 297 almond skin, the best selected extraction conditions were: 100 W, 60 s, 4 g and 60 mL 298 of 70% ethanol. 299 MAE can be considered a rapid technique showing several advantages compared 300 to conventional extraction methods which are time-consuming, eventually lead to 301 thermal degradation of antioxidant compounds and usually require higher quantity of 302 organic solvents, raising process costs and reducing the environmental sustainability. 303
For example, almond skin was extracted during 24 h at 40 ºC by using 70% of aqueous 304 organic solvent (methanol, acetone or acetonitrile) by Tsujita et al. O-glucoside, quercetin-3-O-rutinoside and naringenin were quantified at higher 336 amounts in Planeta skin. 337
As it has been previously reported, during blanching process the blanch water will 338 increase in polyphenols, while blanched almond skins will decrease in phenolic 339 content. Table 3 for all almond skin cultivar extracts. Guara skin showed the highest total 361 flavonoids content (1162 µg/g almond skin), TPC (119 mg QE/g almond skin) and 362 FRAP (556 µmol TE/g almond skin) values. Padre, Butte and Colony cultivars followed 363 16 finally, Marcona, Padre and Butte. For FRAP, Guara and Marcona did not show 366 statistical differences, with highest antioxidant activity, followed by Padre, Planeta, 367
Carmel, Butte and, finally, Colony. These results are in accordance with those found in 368 a previous work in which an exhaustive study of the phenolic composition of almond 369 skin was carried out to evaluate their potential application as a functional food 370 ingredient. 38 In this study, TPC and radical scavenging activity results were 371 significantly higher for the almond skin mixture of Spanish varieties than for the 372 American ones. Similar results were also obtained in a previous work in which the 373 polyphenol content and antioxidant activity of seven different almond skin cultivars 374 harvested over three seasons in California were studied.
18 From this work, it was 375 concluded that cultivar had a differential impact on individual polyphenol synthesis, 376 flavonoid content and antioxidant activity of almonds. Regarding DPPH results, a high 377 radical scavenging activity (> 90%) was obtained for all studied cultivars, although no 378 significant differences were obtained among them (p>0.05). 379
The total flavonoids content found in the present study, which ranged from 46-380 116.2 mg/100g of almond skin, is higher than the mean value reported for almonds in 381 the USDA flavonoid content database (15.24 mg/100g almonds), which is based on data 382 from the Food Composition Nutrient Data Laboratory of the USDA. 39 These data were 383 obtained using extracts from whole almonds, whereas in the present study the skin was 384 analysed, which accounts for 78-98% of the flavonoid content from whole almonds. were not included in the LDA since no significant differences were obtained among 401 samples (Table 3) 
